Cyanobacteria (blue-green algae) are photosynthetic bacteria that under favorable environmental conditions produce secondary metabolites (cyanotoxins) which are harmful to the environment, including humans. The mass proliferation of harmful cyanobacteria is termed CyanoHABs. CyanoHABs can adapt to different climatic fluctuations, therefore, understanding their dynamics in freshwater systems is crucial. Variation in climatic and hydrological processes, changing land use and economic growth all influence the occurrence and distribution of CyanoHABs.
Introduction
Cyanobacteria (blue-green algae) are oxygenic photosynthetic bacteria that occur naturally in fresh, brackish, and marine waters, and terrestrial environments (Codd et al., 2005b) . Apart from their function as primary producers (Moorehead et al., 2011) , cyanobacteria are now a worldwide problem (Pham and Utsumi, 2018) because they can form massive blooms that produce a wide range of toxins (Codd, 2000; Codd et al., 2005a,b; Zamyadi et al., 2012 and Suzane, 2016) . Over many years cyanobacteria were not regarded as water-borne pathogens (Codd et al., 2005a,b) , but recently the US Environmental Protection Agency (EPA, 2014) listed cyanobacteria on the Contaminant Candidate List (CCL), meaning that is an issue of public health concern. According to the World Health Organization (2003) , 60% (worldwide) of samples from freshwater systems investigated had a mass occurrences of toxin-producing cyanobacteria.
The multiple environmental and health impacts of cyanobacteria have attracted researchers from different fields (Sanseverino et al., 2016) . One example is the development of models (Guven and Howard, 2006 ) studying occurrence, extent, and timing, while others have demonstrated the dynamics of cyanobacteria toxins in aquatic systems (Rodgers, 2008) . Ho and Michalak (2015) for example, outlined several metrics for examining cyanobacterial proliferation. They include abundance, remotely-sensed/spectral metrics, species-specific, toxicity, and qualitative metrics.
Harmful cyanobacteria, or CyanoHABs, are now a problem of global environmental concern and efforts are being taken to prevent, predict, minimizes, and suppress their occurrences (Gatz, 2018) . Triggers for CyanoHABs have been studied (Kubiak et al., 2016; Paerl and Otten, 2016; Reichwaldt and Ghadouani, 2012; Schmidt et al., 2014) . These studies have demonstrated a scientific understanding of the dynamics of cyanobacteria. Despite all these efforts, geographical variation in CyanoHABs is not well explored, including the links between triggers and CyanoHAB proliferation. In the tropics, Tanzania is an example of insufficient CyanoHAB. Of the few studies consulted, the particular reviews suggest the dominance of both Microcystis and Cylindrospermopsis species in the tropics, and their occurrence is throughout the year, unlike temperate regions in which their occurrences are confined to the warm summer months. In nearby Lake Victoria, blooms of cyanobacteria have been observed since 1980 which are associated with massive fish kills (Ndlela et al., 2016) . Some reviews recommend preventive measures to be taken to combat cyanobacteria occurrences in major lakes (Ndlela et al., 2016) .
Climate and hydrological variations are considered as important factors promoting the occurrence and dominance of CyanoHABs in the aquatic environment (Ogashawara et al., 2014; Reichwaldt and Ghadouani, 2012; Havens et al., 2016) . Other studies (e.g. Ndlela et al., 2016; Wells et al., 2015) suggests that little is known regarding climate variability and changes in cyanobacteria dynamics in Africa. In addition there can be a conflict between the observation and experimental data.
On the other hand, of the few studies, genetic characterization of cyanobacteria isolated from Africa and Europe demonstrated the variation of cyanobacteria from different geographical regions (Haande et al., 2008; Harke et al., 2016) . A study of Sinoven (2009) suggested that generalization of CyanoHAB dynamics should be avoided because local climate and weather strongly impact contribution to an occurrence, as well as their extent. Sometimes cyanobacteria can withstand or adapt to changes or climatic fluctuations (El-Shehawy et al., 2012) . Studies (e.g. Lugomela et al., 2006; Nonga et al., 2011; Mdegela et al., 2011; Fyumagwa et al., 2013; and Kihwele et al., 2014) in the United Republic of Tanzania have demonstrated the occurrence of toxin producing-cyanobacteria in specific regions. However, these studies are not sufficient to conclusively judge CyanoHABs dynamics and their link with climatic and hydrological variation, because most of them are event-driven, for example, post-mortem of Flamingo mortality in Lake Manyara. In this particular study, our goal was to review and synthesize cases of CyanoHABs (occurrence, extent, and timing) and how they have been linked with climate, hydrological variations and or environmental (nutrients, land use etc.) changes in the United Republic of Tanzania. It will also to provides the status as it stands to water managers, researchers, and policymakers to elucidate and plan the best management practices in water resources.
Main text

Study area description
The United Republic of Tanzania lies within 1e12 S and 29e40 E. Tanzania is blessed with a range of natural resources, for example, 6.4% of the country's area is water bodies (Lake Victoria in the North, Tanganyika to the west and Nyasa (Lake Malawi) to the south-west) and to the east lies the Indian Ocean (Basalirwa et al., 1999) . A large population depends on agriculture, including livestock and fisheries (Drakenberg et al., 2016) . Regarding the climate, there is a temporal variation in both temperature and rainfall, and the trend is consistent (New et al., 2006) . Tanzania's climate varies from tropical (along with the coast) to temperate (in the highlands) and there are two rainfall distribution types (unimodal and bimodal) (FAO, 2016) . A well-detailed climate classification over Tanzania can be depicted from the previous climate studies (Kottek et al., 2006; and Peel et al., 2007) . Several weather systems are responsible for the observed climatic variation, including thunderstorms, Intertropical Convergence Zone (ITCZ) as it moves south and north and, tropical cyclones (which pool moisture from Congo forest), Sea Surface Temperature (SST) which enhance easterly to northeasterly winds resulting into moisture influx over land (Mbululo and Nyihirani, 2012; Kijazi and Reason, 2009; and Mafuru and Guirong, 2018) .
In Tanzania , no reports of fish kills or harm to domestic animals, including humans are directly linked to specific cyanotoxins. Guidelines and standards for algal toxin are yet to be established (Miraji et al., 2016) . Therefore, in view of the above one can hypothesize that, if business, as usual, continues under a current climate change (warming, increase in carbon dioxide) CyanoHABs are likely to compromise water dependencies and in turn negatively affect our adaptation strategies.
In the current review, we considered all published articles and reports on HABs incidences in Tanzania and how they have been associated with climate and hydrological variations. A wide range of limnological, environmental and scientific databases was also consulted for elucidating the theoretical aspects of HABs in the environment. There was no restriction on time of publications and or languages. Google search engine, webs, and journal databases were tools used in the current review.
Factors influencing the proliferation of harmful algal blooms
There is no single factor that can describe the formation of cyanobacteria bloom (Te and Gin, 2011) but rather a complex set of interactions ( Fig. 1 ) of several environmental factors (Wells et al., 2015) and optimal conditions should be met (Berger and Gobler, 2008; Descy and Sarmento, 2008) . Factors such as light intensity and duration, temperature, nutrient availability, episodic hydrological events (droughts and floods events), bio-physiological and chemical characteristics and ecosystem structure are responsible for bloom formation (Moore et al., 2008; Paul, 2008; Reichwaldt and Ghadouani, 2012; Merel et al., 2013; Hazen and Sawyer, 2015; Ndlela et al., 2016) . Few have studied the impact or the mechanism that co-exist between cyanobacteria and carbon dioxide (CO 2 ) (Visser et al., 2016) . Most studies suggest the use of chlorophyll-a as a proxy measure of algal blooms (C. Anderson et al., 2015) . Other studies (Elliott, 2012; Reichwaldt and Ghadouani, 2012; and Moore et al., 2008) have demonstrated the influences of major weather shifts on freshwater HABs dynamics. For example, a positive/negative correlation that exists between rainfall intensity and length of dry periods which in turn determine the occurrence of cyanobacteria blooms . These studies establish how individual weather phenomena directly or indirectly influence CyanoHAB proliferation. In the same line of argument, Anderson (2014) suggest case studies especially events that mimic future climate scenarios if studied can be more informative than doing single parameters.
Some studies have also looked into single or few factors and their influences on HABs. The factors are not standing alone because sometimes they may interact; therefore multifactor analysis should be done to critically highlight at what state (say mixing and pH) favours the growth or at what level (temperature, flushing, and nutrient inputs) CyanoHABs decrease. Others for example (Shen et al., 2012) , concluded a link between environmental factors and how they influence HABs dynamics is neither well documented nor explained. Although there have been efforts in the understanding of HABs such as a recent scientific consensus (Heisler et al., 2008) highlight some doubts which need to be cleared. Many studies have used methanol for the extraction of cyanotoxins (Codd, 2000; Fyumagwa et al., 2013; Kim et al., 2009; Mbukwa et al., 2012; Merel et al., 2013; Metcalf and Codd, 2014) . The approach was challenged by a recent study (Visser et al., 2016) which question the validity of the previous findings. This is still debatable.
Findings on cyanobacteria (HABs) in Tanzania
In Tanzania, there have been reports on species of cyanobacteria and their toxins (Harke et al., 2016) in different water bodies but few studied harmful algal blooms and their link with climate and hydrology. Metcalf et al. (2012) reported species of Oscillatoria amphibian and Oscillatoria formosa (0.125 ng mg -1 of dry weight) on their study on the analysis of microcystins and microcystins genes in 60e170 years herbarium specimen of cyanobacteria which were collected in an aquatic and terrestrial environment in Zanzibar during 1988. As noted earlier, available literature asserts the occurrence of toxic strains of cyanobacteria and their impacts in some parts of the United Republic of Tanzania. To date, the only documented reports/incidences in Tanzania is the mass fatality of Lesser Flamingos in saline lakes in Arusha and Manyara Region (Fyumagwa et al., 2013; Kihwele et al., 2014; Kotut et al., 2006; Lugomela et al., 2006; Nonga et al., 2011) .
Following the mass fatalities of Flamingos in three soda lakes (Embakaai crater, Lake Natron and Lake Manyara in Arusha Region) the year 2000, 2002, and 2004, samples of both water and tissue were collected and analyzed for cyanotoxins.
Same as a post-mortem study of Fyumagwa et al. (2013) , which revealed the impact was due to cyanobacterial toxins (Anatoxin-a and Microcystins). In these studies, no detailed analysis of the environmental factors responsible for the mortality rate was conducted. In this particular study , the findings (for example pH) were more abstract (values not reported). The author (Fyumagwa et al., 2013 ) made a deduced that varying pH was due to prolonged drought out of no data, but it was good to speculate that anthropogenic activities could have triggered proliferation of harmful blooms. This implies that if there was regular monitoring of all environmental parameters in the lake, it would have facilitated tracking the influences of individual causal effects on HABs.
Some others studies (Kihwele et al., 2014; Krienitz et al., 2016; Lugomela et al., 2006) in Lake Manyara found species of Cylindrospermum (701 cells/ml) and Microcystis (6043 cells/ml). These studies suggest repeated and unpredictable episodes of lesser flamingo fatalities which are attributed to the exposure to cyanotoxins and that the toxification may be spread to other East African Lakes. Increased water abreaction, tourism developments, and degradation of the catchment were found to be negatively contributing to the ecohydrological health of Lake Manyara (Kihwele et al., 2014; Krienitz et al., 2016; Lugomela et al., 2006) . According to Kihwele et al. (2014) , the change was constant with seasonal variability (more pronounced in the recent decade) although the study could not demonstrate the magnitude of change and climate variability.
Several studies (Ndlela et al., 2016; Sinha et al., 2012; Paerl and Paul, 2012) reported species of Microcystis, Anabaena, Cylindrospermopsis raciborskii and Plantolyngbya (Sekadende et al., 2005; Miles et al., 2013) in Lake Victoria. Another study, for example, Rumisha and Nehemia (2013) on feeding selectivity of wild and cultured
Oreochromis niloticus (Nile tilapia) registered high concentration of Microcystis, Anabaena flos-aquae, and Lingbya circumcreta species in Lake water than in fish ponds. Changes in water quality in Lake Victoria is attributed to anthropogenic activities (Silsbe et al., 2006) . Other parts of the country, for example in Morogoro,
Microcystis species were identified in ponds on the study of the effects of ponds management and prevalence of intestinal parasites (Mdegela et al., 2011) . Another recent study by Mushi (2015) which compared pristine, urban and agricultural fields also found species of cyanobacteria, including toxin-producing specie of
Cylindrospermopsis.
In Lake Babati in the central part of Tanzania, Aphanizomenon species, strains of Chrysopsorum ovalisporum were identified, and in Lake Rukwa in the Southeastern highlands , strains of Sphaerospemopsis aphanizomenides and Sphaerospermopsis renifomis were identified (Cire, 2016) . In all these studies there was no direct link established between physiochemical parameters and bloom occurrences. Along similar lines, species of Anabaena flos-aqua were reported to occur annually from
October to November in Lake Tanganyika (Codd et al., 2005a) . Communicating variations in the Lake Tanganyika, a study of Paul (2008) reported that cyanobacteria biomass dominated the lake over other phytoplankton during the period of March to April 2001 than how it was in 1975. The study suggests that in Lake Tanganyika climate changes (warming) has been the driving factor which was also observed by Paerl (2014) . On a global scale. Paerl (2014) and stated that climate change and hydrological modification may require modifying management strategies for controlling cyanoHABs.
General and predicted climate changes in Tanzania
Temperature is the most studied climate parameter when addressing CyanoHAB dynamics. In Tanzania, evidence and projection of an increase in temperature can be deduced from models (as in Fig. 2 ) and empirical studies (New et al., 2006; World Wide Fund For Nature, 2006) . To further highlight this, in Tanzania there are climate change hotspots (Niang et al., 2014) which are Lake Tanganyika (directly linked with cyanobacteria dynamics and decrease in fish productivity) and Mountain Kilimanjaro (a good indicator of global warming). Changes in climate (for example warming) has been attributed to the occurrence of blooms (Paul, 2008) . While studies on climate variability and cyanobacteria dynamics are limited (Ndlela et al., 2016) , existing ones (for example in Lake Tanganyika) indicate chlorophyll-a concentrations are constant throughout a year with the alteration of dry and wet seasons (De Senerpont Domis et al., 2013) . Chlorophyll-a is used as a proxy for cyanobacterial biomass estimation in marine and freshwaters (D€ ornh€ ofer and Oppelt, 2016). A study by Niang et al.
(2014), which was based on more than 90 years of observation suggests that increased stratification, nutrient fluxes and decreased productivity was due to recent increases in surface temperatures. The effects have negatively affected the catches of sardines by 30e50% (Drakenberg et al., 2016) . Predicted changes in climate (World Wide Fund For Nature, 2006) in the region require measures such as finding out the influence of both temperature and rainfall has to nutrients increases in the water bodies and Paerl et al., 2018) .
Specific observations in selected areas
Manyara, Arusha
Plankton dynamics are system-(weather and hydrological) specific, for example, temporal variability in precipitation can be an important driver of the seasonal development of plankton (De Senerpont Domis et al., 2013) . Indirectly, increases in precipitation and warming are likely to impact water reservoirs stratification (Harke et al., 2016) . The National Adaptation Programme (The United Republic of Tanzania, 2007) specifically for Lake Manyara emphasizes an increase in frequencies of floods, drought and land degradation which reduces the frequency of recreational and tourism activities. The report further argues that it is the hydrological conditions in Lake Manyara that influence birds' (Flamingo) breeding patterns.
Among the studied climate parameters in relation to algal blooms is temperature (Wells et al., 2015) . Generally, Manyara for example, temperature indicates an increasing trend (Fig. 3a) which were also demonstrated by New et al. (2006) and insignificant variations in precipitation (Fig. 3b) , which is a key driving factor of CyanoHABs. Standardized Precipitation and Evapotranspiration Index (SPEI) (Fig. 4) 1994, 2000, 2004, 2008) . Some post-mortem studies in the same years (Lugomela et al., 2006; Nonga et al., 2011; Kihwele et al., 2014) may confirm whether Lesser Flamingos were exposed to cyanotoxins. The hypothesis needs to be tested whether weather and hydrological changes contributed significantly in the changing of the concentration of CyanoHABs in the Lake Manyara which could have resulted in the deaths of birds. Case study analysis is an appropriate approach to investigate these events.
Morogoro
Climatic and hydrological variation
It is widely accepted that local climate and weather variation, climate change, eutrophication, and hydrological variations are key drivers of CyanoHABs (Paul, 2008) .
ITCZ and El
Nino Southern Oscillation (ENSO) cause greater than average rainfall in Tanzania in the short rainfall season (October to December) while the cold phase for Manyara (Data generated from "KNMI Climate Explorer,"). (LA Nina) causes a dry condition than the average and these can work synergistically (GLOWSFIU, 2014b and Kijazi and Reason, 2009 (New et al., 2006) of Morogoro agrees with a threshold of more than 20e35 C air temperature (Elliott, 2012 and Sinha et al., 2012) which is the optimal temperature for CyanoHAB formations. However, a study by Baig et al. (2017) demonstrated a threshold of 24e28 C (water temperature), where the highest peak of cyanobacteria was observed. Moreover, the same study noted a decline of cyanobacteria blooms and chlorophyll-a when temperatures were 30 C. Another factor in Morogoro, drought (Paavola, 2008) can be depicted (negative values of standardized precipitation index (SPEI)) from Fig. 5 , has the characteristics to prolong periods of surface temperatures, stabilizing water columns and increasing nutrient concentration indirectly (Reichwaldt and Ghadouani, 2012) .
Hydrological variations
In Mindu Dam a Man-made Dam situated in the Ngerengere River Catchment, Morogoro Urban, there has been periodic maintenance of floodgates and other infrastructure to ensure that gates do not get jammed in the event of heavy rainfall and river flows (GLOWSFIU, 2014b). The water level peaks (which is an indicator of hydrological variations) in Fig. 6 depicts some dry and wet years in Morogoro, which indicate there could be severe drought and wet years which was also reported by Paavola (2008) . The dry and wet peaks in the (SPEI) in Fig. 5 also indicates negative values for dry and positive values for wet years which corroborates with water levels peaks variations in Mindu Dam (Fig. 6 ). These variations are useful in describing the formation of algal blooms as highlighted in the framework of Reichwaldt and Ghadouani, 2012 and Zhang et al. (2016) . Lack of monitoring both climate, hydrological and other environmental variables make it impossible to study and ultimately manage CyanoHAB variations in this study area. It is widely accepted that evapotranspiration can assist forecasting the hydrology and climate systems hence ecological dynamics (Yang et al., 2016) . Land use characteristics (residential, agriculture, industrial, forest and undeveloped area) can also be a factor in determining the severity of bloom formation (Shayo et al., 2017) . These hydrological variations in the Morogoro Urban suggest optimal conditions for the proliferation of CyanoHABs. A study of Yanda and Munishi (2007) on hydrological and land use/cover change analysis for the Ruvu River (Uluguru) and Sigi River (East Usambara) watersheds both in Morogoro which looked at the historical flow data confirmed sedimentation in the catchment due to land use. The same study found a match between the flows and rainfall variations, but also predominance declining flows in both the dry and wet seasons. These seasonal variations in flow are a very important predictor for the formation of cyanobacteria in the catchment.
Water quality studies in Morogoro Urban areas
Morogoro Urban is prone to pollution due to anthropogenic activities (Sigala et al., 2017) . Numerous studies (Ngoye and Machiwa, 2004; Ngonyani and Nkotagu, 2007; Mero, 2011; GLOWSFIU, 2014a ) suggest significant levels of water pollution when compared with other studies (Merel et al., 2013; Hazen and Sawyer, 2015; Glibert, 2017) they are optimal conditions for the algal bloom proliferation. Overall, the findings challenge water authorities on how HABs are perceived in the study area. This is also heightened by the facts that HABs have the ability to adapt to a changing environment (D. Anderson, 2012) . A recent study by Mushi (2015) found the occurrence of Cyanobacteria species in Morogoro (pristine, agriculture and urban). According to Mushi (2015) there was no significant variation of the microbial community (Cyanobacteria inclusive) during the entire periods of the study. The claim leaves many questions, for example, predicting blooms in the study area. One would argue that the author's claim was based on limited data (short time period) and, therefore, this needs to be re-examined and evaluated. Several studies (Sanseverino et al., 2017; Suzane, 2016) have indicated how CyanoHABs are associated with a wide range of economic impacts on human health, fishery, tourism, and recreational use, and monitoring and management costs.
Cyanobacteria exert toxic effects on human, animals, fish, birds, and other phytoplankton that are associated with (WHO, 1999; Chen et al., 2016) . Human health, for example, several studies (e.g. EPA, 2014; Backer, 2002; Elliott, 2012; Chen et al., 2016; Wolf and Klaiber, 2017) have indicated acute effects such as neurotoxicity, hyper-toxicity, diarrhoea and amnesia, abdominal pain, headache, altered pulse, respiratory failure, cardiac arrests, and even death. The principle behind is that cyanobacteria release toxins as their defense mechanism, when grazed, disturbed, and or in competition with phytoplankton (Reichwaldt and Ghadouani, 2012) . This is still debatable.
Tanzania has favorable environmental conditions (ecological, hydro-geological, and physical), and social economic activities (agriculture, industries, etc.) that support occurrence, and proliferation of CyanoHABs. A good example is the availability of several small to large standing and non-standing surface freshwater bodies (FAO, 2016) . On the other hand, research activities and awareness of harmful algal blooms are lagging (Ndlela et al., 2016) . Because of its heavy use of nutrients in food supplies, aquaculture can also trigger HABs proliferation. According to the Ministry Several researchers (Bushaw-Newton and Sellner, 2012; Grover, 2006; Merel et al., 2013; Rastogi et al., 2015; Sanseverino et al., 2016) have directly linked diarrhea among symptoms of exposure to cyanotoxins. This is important because diarrhea is among the leading waterborne diseases in Tanzania (IHME, n.d.). The current study does not intend to confirm that diarrhea in the study area is caused by cyanotoxins, but it is a hypothesis which needs to be tested. In summary, social-economic activities in Tanzania can be one among the route of exposure to CyanoHABs.
Management of algal blooms
A review by Ndlela et al. (2016) focused on Africa noted that regarding research on CyanoHABs, little has been done. However, efforts have been made to at least formulate a global network to discuss and deliberate on matters related to CyanoHABs and their toxin risk management (Codd et al., 2005a) . Further, to mitigate CyanoHABs, some solutions (technical and policies) are in place (in a global perspective); for example, land and water management, water treatment and blooms control (Berger and Gobler, 2008; Hazen and Sawyer, 2015; Shayo et al., 2011) .
Monitoring of CyanoHABs, treatment of algal toxins in drinking, recreational, fish farms, and irrigation waters can significantly minimize health impacts associated with their formation and dominance. Algal bloom management should be proactive because HABs are capable to adapt to a variety of climatic and other environmental conditions (Wolf and Klaiber, 2017 ) that promote their ability to outcompete other phytoplankton (O'Neil et al., 2012) . According to Anderson (2012) , case studies (e.g. heavy rainfall or drought) that mimic climate change scenarios should be used to understand HABs responses. Suzane (2016) also suggest the use of case studies to quantify the social economic impact of HABs.
Managing CyanoHABs in the context of climate and hydrological variations is challenging . Future studies should focus on how climate and hydrological variations affect nutrients dynamics. If nutrient reduction can significantly reduce HABs events (Paerl et al., 2018) then understanding the linkage between climate, hydrological variation, and other environmental factors are essential. There is a global and regional initiative for studying and management of HABs, for example, a global network for cyanobacteria blooms and toxin risk management (CYANONET) in which the United Republic of Tanzania is a member (Codd et al., 2005a) . The project is intended for awareness, prevention and mitigating algal blooms. However, Tanzania, like many other countries policies, regulation, and guidelines on HABs management are yet to established (Miraji et al., 2016) . Since there have been reports of HABs species and cyanotoxins in the study area, the opportunity for nation-wide monitoring, prevention, prediction, minimizing and suppression of HABs should be undertaken.
Conclusions
CyanoHABs species are widely distributed in the study area and anecdotal observations suggest that they vary with seasons (dry and wet Adapting to the risks associated with CyanoHABs occurrences, case studies that mimic future climate change scenarios (e.g. drought and heavy rains) will be more informative. Technological improvement such as the application of remote sensing for monitoring HABs should also be utilized. Policy and guidelines for dealing with algal blooms are yet to be formulated that also consider effects of climate, hydrological, and environmental (e.g. nutrients, and metals) conditions on HABs proliferations.
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